Heterochromatin at pericentric satellites, characterized by a specific chromatin signature and chromocenter organization, is of paramount importance for genome function. Reestablishment of this organization after fertilization occurs in the context of genome-wide epigenetic reprogramming. Here, we summarize how the asymmetry in histone variants and post-translational modifications between paternal and maternal genomes and their respective pericentric heterochromatin domains evolves during early cleavage stages in mouse. We draw a parallel between these data and the burst of pericentric satellite transcription that occurs concomitantly with the dynamic reorganization of the pericentric domains into chromocenters in 2-cell embryos. Based on this new angle, we propose that a critical developmental transition at the 2-cell stage allows chromocenter formation by involving non-coding satellite transcripts to trigger specific chromatin changes. This histone mark is bound by the three isoforms of Heterochromatin Protein 1 (HP1α, β, γ) 8, 9 , which in turn recruit the H4K20 histone methyltransferases 10 and DNA During the cell cycle, in particular following replication, epigenetic marks are diluted after the passage of the replication fork. Therefore, sophisticated mechanisms that exploit the mutual reinforcement of DNA and histone modifications are required to ensure inheritance of chromatin marks and maintenance of pericentric heterochromatin [12] [13] [14] . Besides these maintenance mechanisms, one should also consider how heterochromatin is established de novo at pericentric satellites. Establishment takes place during the first cell cycles of development, which are characterized by genomewide epigenetic reprogramming. The most extreme situation is seen for paternal pericentric domains, since the highly specialized male gametes lose somatic heterochromatin marks, which thus have to be regained after fertilization to ensure proper cellular divisions.
that entails both the self-association of HP1 into a flexible homodimer and its ability to interact with Suv39h 11, 12 . Maintenance of this particular chromatin signature is required for proper centromere function since mice deficient in Suv39h methyltransferases lose
H3K9me3 and HP1 at pericentric domains and show chromosome missegregation 7 .
During the cell cycle, in particular following replication, epigenetic marks are diluted after the passage of the replication fork. Therefore, sophisticated mechanisms that exploit the mutual reinforcement of DNA and histone modifications are required to ensure inheritance of chromatin marks and maintenance of pericentric heterochromatin [12] [13] [14] .
Besides these maintenance mechanisms, one should also consider how heterochromatin is established de novo at pericentric satellites. Establishment takes place during the first cell cycles of development, which are characterized by genomewide epigenetic reprogramming. The most extreme situation is seen for paternal pericentric domains, since the highly specialized male gametes lose somatic heterochromatin marks, which thus have to be regained after fertilization to ensure proper cellular divisions.
In this review, we concentrate on recent work regarding the establishment of heterochromatin during pre-implantation development in mouse. We will discuss how pericentric domains are reorganized from their gamete-specific structures and the important changes in chromatin organization undergone in particular by the paternal pericentric domains in the context of genome wide epigenetic reprogramming. We will then review recent evidence for an implication of a specific post-translational modification of H3.3 and non-coding transcripts in the decisive developmental transition during the 2-cell stage of embryonic development, during which chromocenters form for the first time.
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Specific organization of pericentric domains acquired during gametogenesis
Before two specialized gametes meet at fertilization, the chromatin of oocytes and spermatids has undergone important rearrangements during gametogenesis, which also extend to pericentric heterochromatin. During oogenesis, pericentric heterochromatin is remodeled, resulting in rings around the nucleolus in transcriptionally silent full-grown oocytes 15 . This particular organization is reiterated later in the zygote 16 and correlates with the developmental competence of the embryo, as only oocytes with this heterochromatin arrangement develop beyond the 2-cell stage when fertilized in vitro 17, 18 . Despite the dissolution of chromocenters, pericentric domains in full-grown oocytes maintain, to some extent, a somatic heterochromatin signature: pericentric chromatin is enriched in H3K9me3 and HP1β but lacks HP1α 19 .
In contrast to the oocyte genome, the sperm genome contains small basic proteins, the protamines, which facilitate high-density DNA packaging, and replace histones on all but 1% of the mouse sperm DNA 20 . Recent evidence suggests that, at least in human, some limited paternal histone marks are transferred to the embryo. In both mouse and human, nucleosomes from regulatory regions of certain genes with important functions in embryonic development are retained in the oocyte 21 in the sperm impact chromatin organization in the embryo remains to be investigated.
In conclusion, important parental-specific reorganization affects pericentric domains during gametogenesis. While in the oocyte most of the somatic epigenetic heterochromatin marks are retained, male pericentric domains largely lose heterochromatin modifications. Therefore a de novo establishment of somatic heterochromatin features is required after fertilization in order to ultimately equalize the pericentric regions of distinct parental origins.
Dynamics of histone variants and epigenetic marks during early cleavage stages
Following fertilization, the oocyte completes meiosis II and extrudes one haploid genome in the form of the polar body, while the sperm genome decondenses. Two Therefore, the absence of H2AZ and macroH2A is correlated with potency and potentially required for the dynamic changes in chromatin organization during early development. This hypothesis is in agreement with the observation that H2AZ
accumulates in differentiating cells of the inner cell mass (ICM) 48 and is required for EScell differentiation 49 .
Reprogramming DNA methylation marks also reinforces the epigenetic asymmetry between the two genomes. The paternal genome, which is highly methylated 50 , shows a significant loss of DNA methylation during the first hours after fertilization 51, 52 . The reprogramming occurs genome-wide and includes repetitive sequences like LINE elements and early retrotransposons 53 . Given the rapidity of this loss, active demethylation processes have been suggested 52, 54 . Recent studies support this scenario, but suggest rather complex dynamic and sequence-dependent methylation hal-00742753, version 1 -17 Oct 2012
changes involving single-stranded DNA breaks and base excision repair (BER) processes 53, 55 or the elongator complex to promote paternal demethylation 56 . The implication of DNA repair is supported by the presence of foci of the DNA damage marker γH2A.X in pre-replicative stages that are enhanced upon blockage of DNA polymerases 53 , and accumulation of BER pathway proteins in the male pronucleus 55 .
The exact trigger for BER, however, remains to be determined. Deamination DNA demethylation during the subsequent cell cycles 63 before the genome of ICM cells becomes specifically remethylated in blastocysts 52 .
Much has been speculated on the functional meaning of the epigenetic asymmetry between the two parental genomes. For example, it has been suggested that it could facilitate selective transcriptional activation of genes in the paternal or maternal genome and help avoid repeating reductional divisions in a cytoplasm programmed for meiosis 32, 64 . The epigenetic asymmetry potentially contributes to keeping distinct chromatin states at loci subject to genomic imprinting and expressed in a parent-oforigin specific manner 65 . At other loci, however, like the pericentric satellite domains, the different chromatin features must be reconciled.
Distinct chromatin signatures of the two parental pericentric domains
The pericentric domains reorganize dynamically following fertilization to form rings around the nucleolar-like bodies ( Figure 2b and 3a) 16, 66 , similar to the organization in the oocyte nucleus. Given that this organization is achieved in normal and in parthenogenetic embryos, this supports a developmental stage-specific organization that is initially independent of the parental origin and the epigenetic marks of the parental genomes 16, 34 . Even during reprogramming of embryonic stem (ES) or somatic cell nuclei in eggs, this arrangement of satellite repeats is repeated, suggesting that it is an essential hallmark of the genome-wide reprogramming process 66, 67 . While in the zygote, few chromocenters are occasionally observed in the maternal pronucleus 16 , it is during the 2-cell stage that both parental pericentric domains progressively organize from ring structures into chromocenters (Figure 3a) . The chromocenters are then retained during the remaining cleavage stage of pre-implantation development 16, 34 . In (Figure 3a) .
Strand-specific expression of pericentric satellites and their role in chromocenter formation and embryonic development
In recent years a role for non-coding RNA in heterochromatin establishment has emerged. In fission yeast, despite the transcriptional repressed state of heterochromatin, there is clear evidence that transcription of the pericentric outer repeats and their subsequent processing has a role in the establishment of heterochromatin 72, 73 .
Specifically, mutant strains in components of the RNAinterference (RNAi) pathway, like the ribonuclease Dicer, show reduced levels of the critical heterochromatin marks, H3K9 methylation and the HP1 homologue Swi6, at the pericentric repeats 74 . The bidirectional transcription of the outer repeats is regulated during the cell cycle and occurs in a discrete time window in S-phase, most likely facilitated by dilution of heterochromatin marks as a consequence of replication of the domain 75, 76 . These transcripts are processed to small RNAs, which then direct histone modifiers to the pericentric repeats to reestablish histone modifications, Swi6/HP1 binding and consequently transcriptional silencing. (Figure 3a) . Even though the peak correlates with the major wave of gene activation, the observed burst followed by a rapid downregulation is particular to major satellites, as other non-coding RNAs such as TERRA behave in a distinct manner 34 .
Remarkably, this peak in expression correlates with the dynamic rearrangement of pericentric satellites from ring-structures to chromocenters (Figure 3a) , which implies a link between chromocenter formation and the observed expression dynamics 16, 34, 66 .
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In fission yeast, transcription of pericentric repeats occurs bidirectionally and in mammals both strands are transcribed 88 The arrested embryos fail to complete the reorganization of their pericentric satellites into chromocenters, thus supporting the presence of active mechanisms contributing to chromocenter clustering and the functional relevance of pericentric transcripts in this process. However, the exact mechanism by which pericentric satellite transcripts operate remains to be dissected. Given that, during the 2-cell stage, both transcripts are found within the same nucleus, they could potentially form double stranded RNA molecules, which could be further processed to trigger heterochromatin formation.
Indeed, microinjection of a double stranded major RNA molecule can rescue developmental arrest and the lagging chromosome phenotype observed at the 2-cell stage when a mutant form of H3.3K27 is expressed 35 . Alternatively, major RNA could recruit and stabilize heterochromatin components.
An intriguing candidate for a chromatin protein to be recruited by major transcripts is HP1, which can bind RNA via its hinge domain 84 and specifically interacts in a posttranslationally modified form with major Forward transcripts (Maison et al, in press ).
Recruitment of HP1, together with a histone methyltransferase, could then lead to spreading of heterochromatin marks 12, 13 and to the progressive replacement of PRC1 components by somatic histone modifications. Indeed, embryos expressing HP1β
proteins that lack the hinge domain showed HP1β loss from pericentric satellites and chromosome segregation defects similar to embryos expressing the H3. Chromocenters are occasionally observed in maternal pronuclei only 16 and are retained in the polar body (PB 16, 32 , suggesting that HP1β might initially be recruited to paternal satellite DNA in a mechanism independent of H3K9me3. 
